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Abstract 



Efficient harvest and recovery of high-purity monoclonal antibodies was achieved using Hydrophobic charge induction 
oh^SX (HCTC). Both ri» P l. «d complex feedstocks were studied, including poMirita eril culture = amnt 

milk of tran^nic goat*. Viral clearance studio demounted a 4^ reduction ol MW vinj. 
(minute virus of mice), .long with substantial reduction of DNA content. Sorbcnt OmmmjMm coimrmcd that 
HOC is based on the pH-dependent behavior of a dual-mode, lonUbk ligand. Binding, based on hydrophobe 
was achieved under nearly sio logical conditions, and in the absence oflyotropk salt Dcsorption was accomplished under 
mild conditions - P H 4,0. At this pH, both ligand and antibody carry a net positive charge, and deaorpuon occurs on the 
basis of electrostatic charge repulsion, pH-based control of chromatographic function was demoted tWto^aphy on 
this antibody-selective WC1C sorbent was evaluated as a coat-effective, process-compatible alternative to attwmy 
chromatography protein A sorbcnts, © 2001 Elsevier Science BV. All rights reserved. 

Keywords: Hydrophobic charge induction chromatography; Affinity chromatography; Preparative chromatography; Mono- 
clonal antibodies; Proteins; Protein A; Immunoglobulins; Mercaptocthylpyridine 



1 + Introduction 

Affinity chromatography on protein A sorbents is 
widely used for harvest and initial purification of 
monoclonal antibodies. Nevertheless, there is grow- 
ing interest in alternative sorbcnts to accomplish this 
process step, particularly In pilot and production- 
scale applications. The goal, broadly acknowledged 
among process developers and production engineers, 
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is. an. antibody-selective sorbent Itiat would provide 
greater chemical stability and longer service life at 
lower cost than protein A sorbents. This need is 
reflected in the focus of technical symposia and in 
literature describing the development of sorbents 
based on various biomimetic ligmids 1.1-3]. 

An idea) alternative to protein A sorbents would 
permit desorption under milder conditions than those 
frequently used during affinity chromatography. 
Similarly, binding would be achieved without need 
for addition of high concentrations of glycine or salt 
to promote binding. Hydrophobic charge induction 
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chromatography (HCJC) is a technique whose; fun- 
damental mechanism and practical operating charac- 
teristics appear well suited to evaluation against 
these goals. Named and described by Burton and 
Harding [4], HCIC is based on the pH-depcndent 
behavior of dual-mode, ionizabte ligands. The ligand 
contains structural Ira tares to support hydrophobic 
binding. When pH of the mobile phase is reduced* 
both the ionizable ligand and the target molecule 
take on net positive electrostatic charge. The re- 
sulting electrostatic charge repulsion overcomes hy- 
drophobic binding interactions* and desorption of the 
biomoleeule occurs. The HCIC sorbent described 
here carries a ligand that is antibody-selective, 
Effective use of this sorbent in harvest and purifica- 
tion of antibodies has been described and its stability 
to repeated cleaning with I M sodium hydroxide has 
been demonstrated [5]. Further study of the sorbent 
is reported here, with particular emphasis on per- 
formance characteristics of importance during pro- 
cess-scale purification of therapeutic antibodies. 

Findings presented here demonstrate that binding 
of antibody is achieved under near-physiological 
conditions, without need for addition of glycine or 
salts to promote binding. As in earlier studies [5]* 
ftcdstocks were applied to the column without 
adjustment of pH or ionic strength. Elation of 
antibody is achieved using low ionic strength buffer 
at moderate pH (e.g., 50 mAf sodium acetate buffer, 
pH 4,0), (Buffer formulations ate described fully in 
the Experimental section). By eliminating costs of 
supplementary salt or glycine, as well as costs of 
related waste disposal, process economy should be 
enhanced. Moreover, the use of low-ionie-strength 
bufler during eiution eliminates the need for exten- 
sive diafiltration or dilution preliminary to the next 
chromatographic step — typically, ion-exchange 
chromatography. This, too, can be expected to 
reduce process costs. 

In his comprehensive monograph on antibody 
purification [6], Gagnon points out that despite its 
high selectivity, harvest using protein A sorbents 
does not eliminate the need for subsequent chromato- 
graphic steps required to assure appropriate Clear- 
ance/removal of virus, DNA, endotoxin, non-spe- 
cific antibodies, and significantly, leached protein A, 
Such schemes, he observes, may include "as many 
steps as non-affinity schemes'* and that "advantages 



associated with higher initial purity may be offset by 
higher material and validation costs** [6]. These 
issues are similarly addressed in another recent 
review [7], 

In studies described! here, HCIC is challenged with 
respect to the goals and characteristics identified 
above. The work includes isolation of antibody from 
both simple and complex, feedstocks including har- 
vest from highly dilute feedstock. Studies to assess 
vital clearance and reduction of DNA content are 
presented 



2, Experimental 

2..L Chromatography: materials, equipment and 
general procedures 

The HCIC sorbent, Mlip HyperCel, was obtained 
from Life Technologies (Rockville, MD, USA). 
Bufler salts were of the highest available purity, and 
were obtained from Life Technologies or Sigma (St. 
Louis, MO t USA). Other chemicals were of reagent 
grade. Chromatography was performed using con- 
ventional glass columns equipped with adjustable 
How adapters, and suitable for low /medium pressure 
applications, <3 bar (Amicon, Danvers, MA, USA; 
KronLab, Srashfcim, Germany; Pharmacia, Piscata- 
way, NJ, USA), 

Tris-HCl buffers were prepared using the indi- 
cated concentration of Tris base and were adjusted to 
the stated pH using hydrochloric acid, Sodium 
acetate buffers were prepared using the specified 
concentration of acetic acid and were adjusted to the 
indicated pH using sodium hydroxide. Sodium phos- 
phate buffers were prepared by combining stock 
solutions of disodium hydrogenphosphatc and so- 
dium dihydrogenphosphate, along with pure water, to 
provide the specified pH and phosphate concen- 
tration. Phosphate-buffered saline (PBS) contained 
150 mM sodium chloride unless otherwise indicated. 

Columns were packed by suspending a quantity of 
gravity settled sorbent in a volume of equilibration 
buffer sufficient to provide a 67% slurry (e.g., 20 ml 
sorbent, 10 ml of buffer). After assuring that lineti 

and frits were free of entrapped air, and that 0,5 1 

cm of buffer remained above the lower frit, the 
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slurry was introduced into the column. Columns 
were packed at 600 cm/h using equilibration buffer, 
typically 50 mM Tris-HCl or 50 mM PBS, When the 
bed was tully consolidated, the flow adaptor was 
adjusted (typically, under flow) to bring the frit into 
contact with the packed sorbent Preliminary to first 
use, the column was washed with 1 M sodium 
hydroxide followed by equilibration buffer. 

isolation and purification of antibody from cell 
culture supernatant, clarified /concentrated milk of 
transgenic goats, and test feedstocks for viral clear- 
ance studies was performed as described in figure 
captions accompanying the chromatograms, 

2,2. Analysis of chromatographic fractions and 
feedstocks 

Chromatographic fractions were analyzed by poly- 
acrytamide gel electrophoresis in the presence of 
sodium dodecyl sulfate (SD&-PAGE) and proteins 
were visualized using Coomassie blue dye. SDS- 
PAGE was conducted according to classical pro- 
cedures with Laemmli buffers [8]. Unless otherwise 
noted, 12% acrylamide gels were employed. Gels 
shown in Figs. 4, 6 and 12 were cast in the 
laboratory [8], while those shown in Figs, 10 and 11 
were purchased pre-cast (BioRad Labs., Hercules, 
CA, USA), Western blot analyses shown in Figs. 10 
and 1 1 were performed using anti-goat IgG-alkaline 
phosphatase and anti-human IgG-alkaline phospha- 
tase conjugates (Boehringer Mannheim, Roche Mo- 
lecular Biochemical*). Detection /visualization was 
accomplished using combined BC1P (5-bromo-4» 
Chloro-3-indolyphosphate p-toluidine) and NBT (ni- 
tro-blue tetrazoUum chloride) reagent (Kirkeyaard 
and Ferry Labs,). 

As described in Section 2.3, murine lgG t and 
JgG 3h produced in cell culture were proprietary 
products of Life Technologies, Concentration of 
these antibodies was determined by an enzyme- 
linked immunosorbent assay (ELISA) procedure that 
i& 3 likewise, proprietary to Life Technologies, The 
assay is specific for murine IgG, but is not isotypc- 
specific. Thus, this method was also used to de- 
termine murine polyclonal IgG during viral clearance 
studies described in Sections 2,5 and 3.3, During 
studies to isolate monoclonal antibody from the milk 



of transgenic goats, IgG concentration was deter- 
mined by protein A assay using a 100-^1 sorbent 
cartridge from FE Biosystems (Norwalk, CT, USA). 
Analytical procedures used to determine viral load 
and to assess DNA content are described in Section 
2.5. 



2.3, Cell culture 

Cell culture was conducted using a EteUco (Bdlco 
Glass, Vbeland, NJ, USA) 30-1 stirred tank bio- 
reactor. Protein-free growth media were employed* 
either CD-Hybridoma or Hybridoma-SFM (Life 
Technologies), Unless otherwise specified, cell cul- 
ture mipematants (CCSs) were based on use of CD- 
Hybridoma. The murine hybridoma clones employed 
and the monoclonal antibodies produced are pro- 
prietary to Life Technologies. In order to limit 
appearance of host-cell protein and DNA in. the 
culture broth, cultures were terminated after day 4 or 
5, depending on the clone. The bioreactor was then 
drained, and the supernatant was clarified using a 
Flcxstand microfiltration apparatus (A/G Tech- 
nologies, NCtfdham, MA, USA) fitted With a 0.45- 
fxm filter (A/G Technologies) and equipped with a 
Labtop 350 rotary lobe pump (Tcknoflow/Flow- 
Tcch, Atlanta, CtA, USA). Further filtration, using a 
0.22-pjn filler (Durapore, Milliporc, Bedford, MA, 
USA) was conducted preliminary to storage of the 
product in sterile containers. 

2.4, Determination of dynamic binding capacity, 
mid its dependence on pH 3 ionic strength and IgG 
concentration 

Determination* of dynamic binding capacity 
(DBC) were conducted using human polyclonal IgG 
(Sigma) and were based on frontal analysis. Test 
feedstocks wort* applied eo the column (10x0.66 cm) 
at 75 cm/h and DBC was determined at 10% 
breakthrough. During studies to assess the influence 
of pH on DBC, test feedstocks contained 5 mg 
IgG/ml and were formulated using 50 mM sodium 
phosphate-citrate buffers prepared to provide pH 
values shown in Fig. 2. During studies to assess the 
influence of ionic strength on DBC, test feedstocks 
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were prepared using 50 mM sodium phosphate 
buffer, pH 7-2, and contained 5 mg IgG/ml. During 
studio to assess the influence of IgG concentration 
on DBC S test feedstocks were prepared in 50 mM 
sodium phosphate buffer containing 150 mM sodium 
chloride, IgG concentrations ranged, from 0.05 to 5 
mg/ml. 

2.5. Viral and DNA clearance studies 

Test feedstock was formulated using a hybridotna 
CCS containing a low concentration of IgG 2b (<3 
(Ag/m!)- Clarified CCS, 40 ml, was combined with 
solutions (10 ml, total) containing 10 mg of commer- 
cially-purified murine polyclonal IgG and -1.6-10 
plaque forming units (pfu) of MVM virus (minute 
virus of mice). The murine antibody had been 
purified by affinity chromatography on a protein A 
sorbent and was obtained from Jackson Immuno- 
rcsearch (Westgrove, PA, USA) or Rockland Im- 
munochemicals (Gilbertsville, PA, USA). MVM viral 
culture was obtained from Life Technologies. The 
feedstock was also augmented with tctrasodium 
EDTA sufficient to provide a final concentration of 
10 mM, 

Chromatography on MEP HyperCel was con- 
ducted as described in Fig. 5. Viral titers were 
determined by tissue culture infective dose sufficient 
to produce 50% monolayer infection (TCID 50 ) assay 
[9], Immediately prior to assay, chromatographic 
fractions were sterilized by filtration using 0.22-|Am 
Millipore GV syringe filters (Danvers, MA, USA). 
Fractions obtained during clution with 50 mM so- 
dium acetate buffer, pH 4.0 (see Fig. 5), were 
neutralized prior to assay by adding an equal volume 
of 200 mM dibasic sodium phosphate, which brought 
the pH to 7.0 and the osmolarity to 300-315 
mOsmols. 

Samples of chromatographic fractions were taken 
and DNA was amplified using a polymerase chain 
reaction (PGR) procedure [8]. Primers employed 
were directed to the LI consensus sequence of the 
murine genome; 40 PGR cycles were conducted 
using Platinum TAq (Life Technologies), Products 
were evaluated by electrophoresis on 1% agarose gel 
[8]. 



2,6. Isolation of monoclonal antibody expressed in 
the milk of transgenic goats 

Milk expressed by transgenic goats was a pro^ 
prietary product of Genzyme Transgenics (Framin- 
gham, MA, USA) S an was the humanized monoclonal 
lgG 1 contained in the milk. Milk was collected 
following induced lactation. Raw milk was concen- 
trated twofold using a Pall-Filtron (Nonbborough, 
MA, USA) Omega membrane having a nominal 
molecular mass eat-off (MWCO) of 300,000, This 
membrane passed transgenic monoclonal antibody 
and retained the cream, casein micelles and most of 
the bacteria! and cellular load. After a twofold 
concentration, the collected filtrate waa used to begin 
diafiltration through a Pall-Filtron Omega membrane 
having a MWCO of 30,000, This second membrane 
served to capture and concentrate the antibody. The 
two membrane-filtration systems were coupled, as 
shown in Fig, 8, The design and operation of the 
coupled (system is discussed in Section 3,4, 

The HCiC procedure employed to isolate and 
purify antibody from the clarified, concentrated milk 
is described in Fig. 9 and discussed in Section 3.4. 
The HCJC-purified antibody was compared with a 
reference product, isolated and purified using affinity 
chromatography on protein A sorbent. The reference 
material was a product of Genzyme Transgenics. 

2 7, Isolation of antibody from dHure protein-jree 
CCS 

Clarified CCS, 2000 ml, containing -2,7 p,g 
JgG^/ml was augmented with EDTA sufficient to 
provide a concentration of 10 mM in the feedstock. 
This was accomplished using a 200 mM EDTA stock 
solution prepared using tetrasodium EDTA and 
adjusted to ~pH S.2 using acetic acid. (The tetra- 
sodium form of EDTA should be employed.) The 
feedstock was applied to a 5.0X1.0 cm column of 
MEP HyperCel, The load w^s applied at 76 cm/h 
until 1 1 had been applied. Remaining feedstock was 
applied at 300 cm/b, and chromatography was 
continued at this linear velocity. The column was 
washed with 50 mM Tris-HCl buffer, pH 8.Q until 
absorbance (280 nm) returned to baseline. The IgG 
fraction was then eluted using 50 mM sodium acetate 
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buffer, pH 4.0. Chromatographic fractions were 
analyzed by SDS-PAGE, as shown in Fig. 12. 



3, Results and discussion 

3.L The chromatographic mechanism, and the 
influence ofpH, ionic strength and antibody 
concentration on sorbent function 

The mechanism of HCTC and its application to 
antibody purification is illustrated in Fig. 1, The 
sorbent, MEP HyperCcl, carries a Ugand derived 
from 4-mcrcaptoetliylpyridine <4^vlEP). Such nitro^ 
gen hetcrocycles have been shown to have particular 
selectivity for immunoglobulins. Additional selec- 
tivity is conferred by the presence of a sulfur atom 
proximal to the heterocyclic ring [10-13]. 

The pK u of 4-MEP is 4,8, Thus, under near-ncutral 
or alkaline conditions, the ligand is uncharged and 
behaves much like a phenyl group to bind antibody 
by hydrophobic interaction. However, the distinct 
structure of the ligand provides the antibody-selec- 
tive characteristics for which this sorbent was de- 
signed. The pK a of the ligand also provides sorbent 



Binding ^TSw^^]/ 7 
Dosorption 




Fife. L A representation of the mechanism of hydrophobic charge 
induction ehromuLcigriiphy, along with key structural features of 
[he ligantl. The antifoody^clcctivc ligand U derived from 4- 
niercqptocthylpyridint; (4-MEP; pK^ 4.8), Hydrophobic binding 
under iicar*physioIogical conditions is illustrated, pcaorpiian, 
typically conducted at pH 4, is based on electrostatic charge 
repulsion, 



characteristics that support antibody recovery under 
mild conditions. Desorption is achieved by reducing 
the pH of the mobile phase to confer a net positive 
charge on both ligand and antibody. At pH values in 
the range of 4.0-4,5, the ligand — and most 
antibodies — carry a predominant positive charge. 
Thus, desorption is achieved under conditions sig- 
nificantly milder than those typically employed 
during affinity chromatography on protein A sor- 
bents. 

The fundamental chromatographic mechanism and 
specific characteristics of the sorbent were confirmed 
by studies to determine the influence of pH on the 
DBC tbr human polyclonal IgG. DEC was deter- 
mined at 10% breakthrough; data are shown in Fig. 
2. Over a ptf range that encompasses values repre- 
sentative of typical feedstocks (pH~6.5-8.5), DBC 
ranged from approximately 21-33 mg IgG/ml sor- 
bent. As anticipated, when pH of the test feedstock 



20 



pH 



To" 



1 T 



Fig. 2. Dynamic binding capacity of MBP HyperCsl Tor human 
polyclonal IgG, The influence of pH (4), ionic strength (#) and 
IgG concentration (■) W'u UluiT ruled, Values were determined at 
10% breakthrough (BT) as described in Section 2 A. Determi- 
nations at varying pH were conducted in various buffers {5 
mS/cm cunducijvicy) containing 5 mg IgG /ml. Determination-^ al 
varying ionic strength were conducted in 30 mM sodium phos- 
phate buffer, pH 7 2, containing 5 n»g IgG /ml and concentrations 
of siudium chloride up lo I M. I^Jtcirninstiona at varying IgG 
concentrations were conducted in SO tiiM sodium phosphate butter 
containing 150 mM sodium chloride, pH 7.2, 
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was reduced toward the pK» of 4-MEP, there was a 
distinct decline in DRC, Based on these findings, 
de&orption of antibody is typically conducted at pH 
4,0. Somewhat highlit values (^4.5) may be appro- 
priate in some applications. 

Also illustrated in Fig. 2, DBC was found to be 
independent of ionic strength over values ranging 
from approximately 50 mM to 1 M total ionic 
sLrength. Such behavior is consistent with that ob^ 
served in related studies [4,5,10,11]. As a practical 
matter, data shown in Fig, 2 indicates that typical 
feedstocks can be applied to MEP HyperCel without 
preliminary adjustment of ionic strength or pH. 

The dependence of DBC on IgG concentration 
was also evaluated, and is shown in the same figure. 
Only a modest reduction in DBC was observed as 
IgG concentration in the test feedstock was reduced 
from 5 mg/ml to 50 fxg/ml. Thus, capture of 
antibody from dilute feedstock may be accomplished 
without need for preliminary concentration. This 
principle was further demonstrated during studies 
discussed in Section 3.5, 

Continuing studies with human polyclonal IgG, 
bovine polyclonal IgG, humanized lgG ls murine 
IgG L and murine lgG 2 suggest that dynamic binding 
capacity for IgG is independent of subclass or 
species. Determined at 10% breakthrough, values 
range from approximately 30-40 mg IgG /ml sor- 
bent. Moreover, binding of IgA a IgE and antibody 
fragments has also been demonstrated (data not 
shown). Dynamic binding capacity for IgM is £20% 
of that typically observed for IgG. Reduced binding 
capacity for IgM is attributed to stcric/exclusion 
effects. 



3.2. Isolation of monoclonal antibody from 
protein-free cell culture supernatant 

A typical chroma tog ram illustrating harvest of a 
monoclonal antibody (murine IgG,) from protein- 
free CCS is shown in Fig, 3, The CCS, containing 
200 p,g IgG/ml, was clarified by microultration 
before loading but was unadjusted with respect to pH 
or ionic strength. The chromatographic sequence is 
straightforward. After loading 4 the column was 
washed with equilibration buffer (50 mM Tris-HCl 




^ , *m 4 » < r 



0 20 40 GO 90 100 120 140 
Time (mlniftet) 

Fig, 3. Harvest and purification of murine Ij^ij from protein/free 
culture supcrnulunL Chromatography wus conducted using & 
9,0X2,5 cm column of MHP HyperCe!, operated at 150 cm/h 
throughout. Detector sensitivity was 0,5 AUFS &t 280 nm. The 
column was Bquilibrntod in SO mM Txk- HCl pH B,0, Ctentfed 
cc]L culture supomntoiu, 1QG0 mL eontaiivins 200 ^ (gO/ml, was 
applied after which the column was washed with olilmI ibrnrion 
buffer until nbuorbance returned io bustlinc. The IgG fraction waia 
then cluicd under I he influence of 30 m.M sodium accEmc, pH 4,0, 
(Short segments of broken Jine were inserted at two locations 
where flow dismrbunec produced erratic dctucsior response). 



buffer, pH 8,0) until absorbanee returned to baseline. 
The IgG fraction was then, elutcd tinder the influence 
of 50 mM sodium acetate buffer, pH 4.0. Based on 
SDS-FAGE analysis (see Fig. 4, lanes 2, 6, l s &)> 
product purity was ^95% and recovery was -92%, 
A duplicate separation (see Fig, 4 P tortus 2-5), gave 
equivalent purity, but with recovery of ^98%, Higher 
recovery in the duplicate separation is consistent 
with the observation that a quantity of IgG was 
visible in the post-load wash during the initial 
separation (Fig. 4, lane 7), while no IgQ was visible 
in the wash during the duplicate run (lane 4), No 
IgG was visible in the load-ilowthrough fractions 
during either separation (Janes 3 and 6). In overview, 
both separations provided high product recovery, 
Recovery values of 92-98% arc entirely compatible 
with process-scale application of HOC, Indeed* 
during earlier studies [5], murine IgG! was isolated 
from a protein-free eel] culture supernatant at 
purity, with recovery of 98% P Additional examples 
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Fig. 4. SDS-PAGF analysis of chromatographic frautitsny col- 
lected during purification of IgG, from prt>lisu>frcc cell culture 
supcrnpteni- (Refer io the chromatocjiim in Fig. 3 and to Scctfun 
3.2). SDS- PAGE was conducted under reducing conditions and 
gels were stained le^lii^ Coomassic Plui! dye. Lanes: I -markers; 
^feedstuck; 3^lo£id flowthrough (duplicate separation, sec text); 
4- wash, pH 8 (duplicate separation, sec text); 5=eluatc, pH 4.0 
(duplicate supunition, sec text); *>=lcwid flowthrough (sec fig. 3); 
7=wnsh, pH 8,0 (sec Fig- 3); 8=eluato, pH 4,0 (sec 1%. 3). 



-99% of the antibody present in the load. (The 
concentration of monoclonal lgG 3b in the CCS was 
<3 jJLg/ml), In connection with findings discussed in 
Section 3,5, the feedstock also contained 10 mM 
EDTA, 

As shown in Fig. 5, test feedstock equivalent t° 64 
column volume* (CVs), was applied to the column. 
Collected fractions were analyzed by SDS-PAGE as 
shown in Fig. 6. The IgG fraction was judged to be 
>95% pure, while recovery was -83%. Albumin 
was a component of the viral stock solution, zmd was 
identified during SDS-PAGE, It is present in the 
feedstock (lane 2) at a concentration of approximate- 
ly 70 |4-g/mi, compared with 200 [Jig IgG/mh 
Albumin is visible in the load-flowthrough and wash 
fractions (lanes 3 and 4), but not in the target IgG 
fraction (lane 5), Concentration of IgG in the target 
fraction is -800 M-g/ml. Thus, both concentration 
and purification were achieved. Studies demonstra- 
ting a substantially greater degree of product eon- 
eenrration are discussed in Section 3.5. 

Significant viral clearance was achieved during 



of representative chromatography are presented 
below. 

3.3, Viral clearance and reduction of ON A content 

Schemes for purification of therapeutic antibodies 
are designed with particular focus on achieving and 
demonstrating required levels of viral and DNA 
clearance. Accordingly, studies were conducted to 
assess viral and DNA clearance achieved during 
HOC Experiments were designed to provide an 
appropriate challenge with regard to both viral load 
and protein load applied to the column. At the same 
time, the load was formulated to reflect the back- 
ground composition and DNA content of a repre- 
sentative protein-free CCS. Toward this end, 40 ml 
of clarified protein-free CCS was combined with 
solutions (10 ml, total) containing 10 mg of affinity- 
purified murine polyclonal IgG and 1.6* 10 8 pfu of 
MVM virus. Murine polyclonal IgG comprised 




TIitib (minutes) 



5. Chromatographic study lo i*sscss vti^J clearance and DMA 
removal. Chromatography was conducted using a 4,0X0,5 cm 
column of MEP HyperCe], operated at 150 cm/h throughout. 
Detector sensitivity was CU AUFS at 280 n.m. The column wo a 
washed with I M sodium hydroxide find tlicn equilibrated with 50 
mM Tria -HO, pH 8.0 prior to loading. The test feedstock is 
described in Section 2,5. The chromatographic sequence was 
analogous lo that described ifl Fi^ 3. 
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Fig. 6. SPS-PAGE iinalyais or fractions collected during chroma- 
tography lo assess viral ctcanince and DNA removal, (Refer to the 
cln'omatograrn in Fig, 5), Electrophoresis was performed as 
described in Fife. 4, Lanes: l=markerfa; 2="tfl3t feedstock (see 
Section 2.5); 3 = load flow ill rough; 4= wash, pH 8.0; 5^e1uftte. pH 
4.0, 

HCJC, The JgG traction contained 1.2* 10 4 pfu s 
compared with 1 ,6- I0 rt pfu in the feedstock — a 
4Tog reduction. The MVM vims is sufficiently acid- 
stable, thut no reduction in concentration need be 
attributed to exposure to elution buffer (pH 4.0). By 
way of comparison, it is reported that viral clearance 
achieved during affinity chromatography on protein 
A Sepharose ranges from 3 to 5 logs [14], Overall, 
HCIC can be expected to provide a significant 
contribution to the total viral clearance required in a 
purification scheme. 

In order to evaluate reduction in DNA content, 
chromatographic fractions were collected and DNA 
content was assessed using PCR procedures followed 
by elcctrophoretic analysis of the DNA-ampiified 
samples. During PCR, primers directed against the 




I''i£. 7. Elcctrophortfic nnulytiisi of DMA-amplified chroinmo- 
graphic ItactiQiuj. Fractions wore collected during a study to assess 
viral clearance zitul DNA removal, (Kefcr to chromnlopam in l-% 
5) + Procedures for PNA imiplificatioti and electrophoresis Art 
described in Suciioh 2,5, Lnncs; I=IwkI flovrthrtiugh; 2-wasJi, 
pH fi.O; 3=cluale fc pH 4.0; 4=l«sl feedstock (sec Section 2.5); 
5=coitfiali np forward primur; 6 control, no revere primer; 
7=conirol; no Cftisyimc; 8 -mass Udder, 



murine L-l consensus sequence wore used to amplify 
a 250 kilobiise pair (kb) fragment, The L-l consen- 
sus sequence accounts for approximately 5% of the* 
murine genome. Analysis of PNA-amp lifted samples 
is shown in Fig. 7. Comparing lane 3 (the IgG 
cjqfitc) and lane 4 (the feedstock), U is clear that a 
substantial redaction in DNA content was achieved 
during chromatography. Although the findings have 
not been quantified, elcctrophoretic analysis suggests 
that a large fraction of DNA passed unictaincd in the 
load-flowthrough fraction (lane |) and in the post- 
load wash* pH S (lane 2). The effectiveness of this 
sorbent in reducing DNA burden may foe related, in 
part, to the fijndamuntft] mechanism of the ligand. 
During glutton at pH 4, the ligand carries a pre- 
dominant positive charge. Any DNA still present 
would be expected to bind to the column, while IgG 
passes unretained. The post-elation wash with 1 M 
sodium hydroxide would be expected to rid the 
column of residual DMA. 
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Overall, these data indicate that HC1C can be ustfd 
to isolate high-purity antibody from CCS with good 
recovery, while at the same time providing signifi- 
cant contributions to viral clearance and reduction of 
DNA content. 

3.4. Isolation of monoclonal antibody expressed in 
the milk of transgenic goats 

Antibodies arc routinely isolated from sources 
more complex than protein-free CCS. Accordingly, 
earlier studies [5] addressed isolation of monoclonal 
antibodies from samples such as CCS containing 5% 
fetal bovine serum and ascites fluid. In these studies, 
it was determined that supplementary wash steps 
could be used to enhance desorption of impurity 
components — particularly albumin — preliminary 
to elution of the IgG fraction. The elution sequence 
developed during the cited study was employed 
during current work to isolate monoclonal antibody 
from the milk of transgenic goats. (This phase of the 
current study was conducted as an active collabora- 
tion in the laboratory of Dr. Eszter Birck-Wilson, 
Genzyme Transgenics). 

Transgenic milk employed in this work contained 
a humanized monoclonal lgG r Preliminary to chro- 
matography, the milk was clarified and concentrated 
using the TFF apparatus shown in Fig, 8. First, a 
membrane having a MWCO of 300,000 was used to 
retain lipid globules, casein micelles, most of the 
bacterial and cellular load, and other large impurities. 
IgG and other proteins pass in the diafUtrate* The 
IgG-containing filtrate was then directed to a mem- 
brane having a MWCO of 30,000 where IgG and 




Clarification Concentration 

Fig. 8. ApjKiraius for clarification and concentration of transgenic 
milk (Genome Transgenics). 



other proteins were retained and concentrated. As 
shown in the figure, the diafiltrate from the 30,000 
MWCO membrane was returned to the process tank 
supplying feed stream to the 300,000 MWCO mem- 
brane. Using this approach, clarification find con- 
centration were accomplished without use of process 
buffer, and dilution of the process stream is avoided. 
The process was continued until & sufficient fraction 
of JgG is piMMj through the 300,000 MWCO 
membrane and collected by the 30,000 MWCO 
membrane. 

The clarified /concentrated feedstock applied to the 
column (15.2 ml, 15.4 mg IgG/ml) provided 31 mg 
IgG per ml of $orbent. As shown in Fig. 9, Ihe 
chromatographic sequence included two supple- 
mentary wash steps, as mentioned above, Following 
the post-load wash with equilibration buffer, the 
column was washed with pure water, and then with 
25 mM sodium caprylate in equilibration butter. 
These wash steps* nuy be used to promote desorpticm 
of impurity components that arc /m T hydrophobic 
than the target antibody. As demonstrated above, IgG 
binding is salt-independent over a broad range of 
conditions. However, reducing the ionic strength of 




i 1 i 1 1 1 i i i i i \ i — i — i — r 

1 4 7 tD H 15 

Fraction Nuiribor 



Fig. 9. Harvcsl and purification of \^C i from clarified concen- 
trated imnsflcnic milk. Chromatography was conducted using □ 
R.tiXI.l cm column ofMEF HypcrCcl. The column was upended 
at 47 ctn/h during \\w tot 30 min, and at 147 cm/h thereafter, 
Putcctor sensitivity was 1 AIJFS At ?M nm T The cc-Jump was 
equilibrated with 50 tnW Tris-HCl, pH 1A, after which the 
feedstock (15.2 mi containing 15 4 mg IgG/ ml) was applied. The 
column was then washed with: («) cquilibraijon buffer; |b) pure 
water; (c) 25 mM sodium taijiryteta in Equilibration buffer, pH 7,4, 
The TgG frnctJan was elulocl under the influence of 50 sodium 
citrate, pH 4 T <J (d). 
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Fig 10 SDS-PAGE and Western blot analysis of chromato- 
graphic fractions collected durine purification of IgG, from 
clarified, concentrated transgenic milk. *> lhc ehfu '» Bl °- 

aram in Fig 9) SDS-PAGE was performed under non-reducing 
conditions and gels were stained using Coomwto Blun <Jy* 
Western blot analysis was performed using antibody-alkaline 
phosphatase conjugates, as described m Section 1.7. SDS-PAOL 
(left gel). Lanes: l=markcrs; 2=fc*d 3 lo C l t ; J = fraction 4; 4 
fracuon 7; Section 10; 6-ftaclion 14 (1.2 M IgG loaded), 
^--fraction 15 (0.8 M-6 HP loaded). Western blot analysis (right 
gel). Lane.: l=foiction 4; 3=&actSon 7; 3=f«etion 10; 4- 
fraction 14; 5= fraction 15, 



the mobile phase from 50 mM buffer to pure water 
can be employed as a useful technique to prompt 
desorption of less hydrophobic proteins. The mild 
detergent-like properties of sodium caprylate can 
also promote desorption of such proteins. In some 
applications, a small quantity of antibody may be 
desorbed along with impurity components during 
either of these steps. 

As shown in Fig. 10, selected fractions were 
analyzed by SDS-PAGE and Western blot proce- 
dures. In the feedstock, bands corresponding to ot- 
lactalburain and p-lactoglobulin {14 000 and 18 000 
molecular mass, respectively) are prominent (see 
PAGE, lane 2). These impurities are also prominent 
in load/wash flowthrough fractions (see PAGE, lanes 
3 and 4). Based on both SDS-PAGE and Western 
blot studies, it appears that lgG is fully retained well 
into the descending region (Fraction 7) of the wash 
with equilibration buffer (see PAGE, lane 4 and 
Western, lane 2). These findings are consistent with a 




Kg U Analysis flMofl. Elated fr ™ dMificd ' «>f en 'j» ll! ? 
transgenic milk by affinity chromatography on protein A soroent. 
SDS-PAGE and Western blot analysis were performed as de- 
scribed in l''ifi. 10- SPS-PAGB (left gel). Lanes; I -markers: 
2-purifi°4 IS" (1 M laO loaded); 3 -purified lgG (2 (ig IgC 
loaded). Western blot ortnlysis (right gel). Lanes: l=murkci>; 
2^purified JgO; 3=purificd lgG, 

dynamic binding capacity of -31 mg IgG/ml sor- 
bent. Further studies may indicate that higher bind- 
ing capacity values can be attained for this antibody. 

During the wash with pure water (fraction 10), a 
significant quantity of a-lactalbumin was desorbed, 
along with a minor quantity of IgG (see PAGE, lane 
S and Western, lane 3). Based on SDS-PAGE, the 
principal lgG fractions (fractions 14 and 15) were 
judged to be >95% pure. These tractions were 
compared with product isolated by affinity chroma- 
tography on protein A. The affinity-purified product 
was analyzed by SDS-PAGE and Western blot 
procedures, as shown in Fig- 11. PAGE, lane 2 seen 
in Fig. II (affinity-purified antibody) and PAGE, 
lanes 6 and 7 seen in Fig. 10 (HClC- purified 
antibody) represent comparable quantities ot lgG 
applied to the gel. Based on comparison of these 
SDS-PAGE gels, product purified by HCIC was 
judged to be at least as pure as that obtained using 
affinity chromatography. Based on Western blot 
analysis, product purified by HCIC was judged to be 
more homogeneous than that isolated by affinity 
chromatography. Thus, HClC is seen to be effective 
in harvest and purification of antibodies iroin both 
simple and complex feedstocks. 
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In studies with other complex feedstocks [5], it 
was demonstrated that HCIC can be combined with a 
simple anion-exchangc procedure to yield very high 
purity IgG. This approach was used to isolate and 
purify a murine monoclonal IgG, from CCS sup- 
plemented with 5% fetal bovine serum. Purity of the 
final product was >97%. The anion-exchange pro^ 
cedure served to bind residual albumin (and other 
acidic impurities) while IgG passed unrctained. The 
procedure was particularly effective in removing 
residua! albumin. In the example cited, the IgG 
fraction isolated following HCIC was -70% pure — 
albumin was the principal impurity. Given the 
routine use of anion-exchangc chromatography to 
support viral clearance and reduction of DNA con- 
tent, this two-step procedure represents a practical 
and efficient means of isolating high purity antibody 
from feedstocks containing abundant albumin. 



3.5. Isolation of monoclonal antibody from high- 
volume loads of dilute protein-free CCS 

Studies were conducted to assess and enhance 
chromatographic performance in applications where 
antibody is to be harvested from large volumes of 
dilute, protein-free CCS. A parallel objective was to 
assess and mitigate the influence of synthetic iron 
carrier present in the feedstock. (Protein-free growth 
media contain synthetic iron carrier in place of 
transferrin). Typically, such iron carriers are formu- 
lated by combining an organic chelating agent with 
an inorganic iron salt. The influence of such com- 
ponents can be particularly significant when large 
volumes of feedstock arc applied to the column. 

These studies were prompted, in part, by an 
observation that in some applications, the sorbent 
took on a light brown coloration when protein-frce 
CCS was applied to the column. A similar effect 
could be produced by applying of solutions of 
ferrous lactate or gluconate to the column. These 
observations suggested that components of the iron 
carrier might be associating with the sorbent, pre- 
sumably via interaction with the pyridine group. As 
reported in the literature, various pyridine-contaimng 
structures are known to complex with iron ions 
[15.16]. In order to test the hypothesis, clarified 



protein-free CCS containing a murine IgG,,, was 
augmented with 10 mM tetrasodium EDTA (see 
Section 2.7) and applied to the column, it was 
anticipated that the presence of this chelating agent 
in the feedstock would limit association of iron 
carrier with the sorbent. Indeed, during initial trials, 
addition of EDTA dramatically reduced appearance 
of brown color during loading. 

Studies were continued with an experiment in 
which -500 CVs of dilute feedstock (2.7 pg IgG,/ 
ml) were applied to a 3.9 ml column of MEP 
HyperCel, as described in Section 2.7. The chro- 
matographic sequence was analogous to those shown 
in Figs. 3 and 5. Based on SDS-PAOE analysis (see 
Fig 12) the IgG fraction, was >*J5% pure, while 
recovery' was approximately 87%. Equally important 
IgG in the target fraction had been concentrated 
> 3 5-fold relative to its concentration in the feed- 
stock, indeed, the feedstock, was sufficiently dilute 
that IgG was not visible following SDS -PAGE 
analysis of the feedstock (lane 1). but was clearly 
visible in the target fraction (lane 6). IgG recovery 
was substantially greater than that observed in 
experiments where RDTA was omitted trom Uus 
dilute feedstock. In such cases, recovery values 
typically did not exceed 50%. Based on these 
findings, ii is recommended that addition of tetra- 
sodium EDTA, 10 taM, be considered for evaluation 
in any application where loading of protein-frce CCS 
leads to uptake of brown color by the sorbent, or in 
cases where recovery values <S0% are obtained. In 
the event that recovery declines over a scries of 
separations, it is recommended that the column be 
washed with 100 miW EDTA, pH 7.2 (tetrasodium 
EDTA adjusted to pH 7.2 with acetic acid) following 
clution of the IgG fraction. The EDTA wash should 
be conducted before the column is washed with I M 
sodium hydroxide. This approach is designed to 
avoid formation of poorly soluble iron hydroxide in 
the event that traces of iron remain on the column, 
Work-in-progress indicates that this wash procedure 
is a useful technique to preserve and enhance soTbent 
function. 

Beyond specific issues related to chromatographic 
optimization, this phase of the study demonstrates a 
valuable and novel use for a chromatographic sor- 
bent. Namely, the simultaneous harvest and con- 
ceturalion of antibody from highly dilute feedstock. 
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jMg, 12. SD3-PAGE analysis ot chromatographic fractions col- 
lected dunn B harvest and purification of tfiG^ fam dilute, 
protein-free cell culture supenwnl. Chromatography w&p per- 
formed as de-scribed in Section 2.1. Electrophoresis was performed 
a, duflcribri in Fig. 4. Luna: l-mrtwr. 2=foed 3 tock; 3=lwcl 
flowthroufih (fraction l); 4-Uwui flowthrough (fraction 2); 5* 
wash, pH 8,0; equate* P-H 4.0. 



A column of MBP HyperCel may be evaluated to 
replace traditional ultrafiltration equipment aa a 
device for antibody concentration. 



4. Conclusions 

Hydrophobic charge induction chromatography 
provided efficient isolation and purification of anti- 
bodies from protein-froe cell culture supernatant* and 
from the clarified/concentrated milk of transgenic 
goats. Product purities were ±95% in a single 
chromatographic step, while recovery values ranged 
from — S3 to -98%, A humanized IgO, isolated from 
transgenic milk was >95% pure, and was at least as 
pure as product isolated using affinity chromatog- 
raphy on protein A sorbent Homogeneity of the 
HCTC-purified antibody exceeded that of affinity- 
purified product. 

Viral clearance studies demonstrated a 4-log re- 



duction of MVM vims, along with substantial reduc- 
tion of DNA content. The sorbent was shown to be. 
effective in capture of antibody from a Urge volume 
(-500 CVs) of highly dilute feedstock, supporting the 
concept that a column of MEP HypofCel may serve 
as an effective device for concentration of antibody 
from dilute feedstocks. This approach may be a 
cost-effective alternative to ultrafiltration in schemes 
where feedstock is concentrated by ultrafiltration 
preliminary to chromatography. 

Studies were conducted to characterize and miti- 
gate the influence of synthetic iron wrier present in 
protein-foe CCS. Augmenting such feedstocks with 
10 mM tetrasodiuui BDTA appeared to limit assocw- 
tion of the sorbent with iron carrier, providing 
enhanced chromatographic performance in appro- 
priate applications. Evaluation of this technique is 
recommended in cases where interaction with syn- 
thetic iron carrier is suspected. 

In both current work and earlier studies [5], it was 
seen that typical feedstocks may be applied to the 
column without preliminary adjustment of pH or 
ionic strength and without addition of salts or glycine 
to promote binding. Elution was achieved under 
conditions significantly milder (o.*, pH 4) than those 
typically employed during affinity chromatography. 
Equally Important the sorbent has been shown to be 
chemically stable to repeated cleaning with I Arf 
sodium hydroxide 15]. Moreover, the cost of the 
sorbent is approximately 25% that of typical protein 
A media, Additional economies may be anticipated 
in connection with The use of dilute buffer (e.g., 50 
mM) during elution of antibody. This practice elimi- 
nates the need for extensive diafiltrfttian or dilution 

in advance of ion-exchange chromatography often 

employed as the second chromatographic step in 
schemes for antibody purification. Finally, ongoing 
studies suggest that binding of IgG is independent of 
subclass or species. Binding of l^A, IgE, IgM and 
antibody fragments has also been demonstrated. 
Thus, the sorbent displays broad, practical specifi- 
city. 

Taken together with the results of earlier studies 
[5], findings presented here demonstrate thttt HCIC 
on this antibody-selective sorbent represents a cost- 
effective alternative to affinity chromatography on 
protein A sorbcnis. 
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